Abstract
Introduction
Schiff bases are biological active compounds bearing the -N=CH-functional groups, which can be prepared by the condensation reactions of carbonyl-containing compounds with primary amines. The compounds have been attracted considerable attention for their wide range of biological activities, such as antibacterial, 1 antifungal, 2 antitumor, 3 anti-inflammatory, 4 and cytotoxic. 5 Metal-organic complexes containing Schiff bases and bridging ligands are of current interest because of their interesting molecular topologies as well as the fact that they may be designed with specific functionalities. 6 Among the bridging groups, acetate anion is highly flexible, and can coordinate to metal atoms in a variety of coordination modes such as monodentate, chelating, bidentate bridging, monoatomic bridging, and chelating bridging (Scheme 1). 7 Bis-Schiff bases derived from salicylaldehyde and its derivatives with various diamines usually coordinate to metal atoms through NNOO donor atoms, 8 thus, it is possible for the introduction of bridging groups. It was reported that Schiff bases bearing electron-withdrawing groups can improve their antimicrobial activities. 9 Rai and co-workers reported a series of fluoro, chloro, bromo, and iodo-substituted compounds, and found that they have significant antimicrobial activities. 10 A number of metal complexes have been reported with the bis-Schiff base N,N'-bis(5-chloro-2-hydroxybenzylidene)-1,3-propanediamine (H 2 L; Scheme 2). 11 As a continuation of work on the exploration of new antimicrobial agents, in this paper, a new trinuclear nickel complex was obtained.
Scheme 2. H 2 L

Experimental
1. General Methods and Materials
5-Chlorosalicylaldehyde and 1,3-propanediamine with AR grade were purchased from Sigma-Aldrich. All other chemicals (reagent grade) used were commercially available. Elemental analyses for C, H and N were performed on a Perkin-Elmer 240C elemental analyzer. IR spectra were recorded on a Nicolet AVATAR 360 spectrometer as KBr pellets in the 4000-400 cm -1 region. 1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance 300 spectrometer operating at 300 MHz for 1 H NMR and 75.5 MHz for 13 C NMR. Molar conductivity value was measured with a Shanghai DDS-11A conductometer.
Synthesis of H 2 L
5-Chlorosalicylaldehyde (2.0 mmol, 0.31 g) was dissolved in methanol (20 mL) , to which a methanol solution (10 mL) of 1,3-propanediamine (1.0 mmol, 0.074 g) was added dropwise with stirring at room temperature. The mixture was stirred at room temperature for 30 min, and most of the solvent was removed by distillation. The yellow crystalline product was obtained by filtration. Yield: 93% (0.33 g). IR data (cm -1 , KBr): 3353w, 1645s, 1585s, 1487s, 1382w, 1329w, 1258s, 1213m, 1127w, 1033m, 985w, 865m, 831m, 772m 
3. Synthesis of the Complex
H 2 L (0.2 mmol, 0.70 g) was dissolved in methanol (20 mL) , to which a methanolic solution (20 mL) of nickel acetate tetrahydrate (0.3 mmol, 0.75 g) was added with stirring. The mixture was stirred at room temperature for 30 min to give a green solution, which was kept still to slow evaporate of the solvents. Green block-like single-crystals suitable for X-ray diffraction were formed. Yield: 45% (0.16 g). IR data (cm -1 , KBr): 3451, 2910, 2862, 1637, 1580, 1464, 1416, 1385, 1306, 1164, 1075, 948, 859, 712, 549, 517, 465 
4. X-ray Crystallography
X-ray diffraction was carried out at a Bruker SMART 1000 CCD area diffractometer equipped with MoKα radiation (λ = 0.71073 Å). The collected data were collected with SMART and reduced with SAINT, 12 and multi-scan absorption correction was performed using SADABS. 13 The structure of the complex was solved by direct method, and refined against F 2 by full-matrix least-squares method using SHELXTL. 14 All of the non-hydrogen atoms were refined anisotropically. The H5A and H5B atoms attached to O5 was located in a difference Fourier map and refined (2) Å, respectively. The remaining H atoms were placed in geometrically ideal positions and constrained to ride on their parent atoms. The O6 atom is disordered and its hydrogen atoms cannot be added reasonably. The crystallographic data for the complex are summarized in Table 1 . Selected bond lengths and angles are given in Table 2 . 
Symmetry code for A: 1 -x, -y, -z.
5. Antimicrobial Assay
The antibacterial activity of the compounds was tested against Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa using LB medium. The antifungal activities of the compounds were tested against Candida albicans and Aspergillus niger using RPMI-1640 medium. The IC 50 (half inhibitory concentration) of the test compounds were determined by a colorimetric method using the dye MTT (3-(4,5-di-methylth-iazol-2-yl)-2,5-diphenyltetrazolium bromide). A stock solution of the synthesized compound (1000 μg mL -1 ) in DMSO was prepared and graded quantities of the test compounds were incorporated in specified quantity of sterilized liquid LB medium. Suspension of the microorganism was prepared and applied to 96-well assay plate with serially diluted compounds to be tested. 10 μL of tested samples at pre-set concentrations were added to wells with penicillin G as a positive reference, the solvent control (5% DMSO) in medium and incubated at 37 °C for 24 h. After 24 h exposure, 10 μL of PBS (phosphate buffered saline 0.01 mol L -1 , pH = 7.4) containing 4 mg mL -1 of MTT was added to each well. After 4 h, the medium was replaced by 150 μL DMSO to dissolve the purple formazan crystals produced. The absorbance at 492 nm of each well was measured with an ELISA plate reader. The IC 50 value was defined as the concentration at which 50% of the bacterial strain could survive.
Results and Discussion
The Schiff base ligand H 2 L was readily prepared by the condensation reaction of 5-chlorosalicylaldehyde with 1,3-propanediamine in 2:1 molar ratio. Recently, two mononuclear nickel complexes were prepared in a 1:1 molar ratio of nickel acetate and H 2 L under reflux in methanol. 15 And also an acetate and phenolate bridged trinuclear nickel complex was prepared by nickel acetate with H 2 L under solvothermal condition. 16 Interestingly, the present complex was prepared by the reaction of the Schiff base ligand with nickel acetate in a 2:3 molar ratio under ambient condition. Crystals of the complex are stable in air at room temperature, soluble in DMF, DMSO, MeOH, EtOH and MeCN, insoluble in water. The elemental analyses of the complex agree well with the component determined by X-ray analysis. The molar conductivity of the complex measured in DMSO/water at concentration of 10 -3 mol L -1 is 25 Ω -1 cm 2 mol -1 , indicating the non-electrolytic nature of the complex in solution. 17
1. Crystal Structure Description of the Complex
The molecular structure of the complex is shown in Fig. 1 The cage of Ni2 is formed by phenolate bridges, O1 and O2, from the Schiff base ligands, and by two O atoms from two μ 2 -η 1 :η 1 -OAc ligands that furthermore connect the central metal with the two outer metal atoms resulting in an octahedral environment. The coordination around Ni2 atom displays only slight distortion. The bond distances Ni-O are relatively similar and range from 1.985(5) to 2.121(7) Å. The greatest deviation of the bond angles from those expected for an ideal octahedral geometry is found for O1-Ni2-O2 with 78.3(2)°, and O1-Ni2-O2A with 101.7(2)°. The remaining bond angles are close to the ideal values for the octahedral coordination.
The coordination around the inversion-related terminal Ni atoms is also octahedral, with two imino N and two phenolate O atoms from a Schiff base ligand defining the equatorial plane, and with two O atoms respectively from a methanol and a μ 2 -η 1 :η 1 -OAc ligands occupying the axial positions. The coordination around the terminal metal atoms also displays slight distortion. The greatest deviation of the bond angles from those expected for an ideal octahedral geometry is O1-Ni1-O2 (81.9(2)°), which is caused by the strain created by the four-membered chelate ring Ni1-O1-Ni2-O2.
The NiL units in the complex are butterfly-shaped, with the dihedral angles formed by the two benzene rings of the Schiff base ligands of 53.2(5)°. In the crystal structure of the complex, the water hydrate molecules are linked to the nickel complex molecules through O5-H5A (Fig. 2). 
2. Infrared Spectra
The IR spectra of the free Schiff base ligand and the nickel complex provide information about the metal-ligand bonding. The assignments are based on the typical group frequencies. The broad absorptions centered at 3353 cm -1 for H 2 L and 3451 cm -1 for the complex are generated by the ν(O-H) of the hydroxy groups or methanol molecules. The strong absorption band at 1645 cm -1 for H 2 L is assigned to the azomethine groups, ν(C=N). The band is shifted to 1637 cm -1 in the spectrum of the complex, what can be attributed to the coordination of the nitrogen atoms of the azomethine groups to the metal atoms. The phenolic ν(Ar-O) for the free ligand exhibits medium band at 1213 cm -1 . 18 However, in the complex, the band appears at 1164 cm -1 . This may be assigned to the skeletal vibrations related to the phenolic oxygen of the Schiff base ligands, and the bands are known to shift to lower frequency when the phenolic oxygen coordinates to metal atoms. 19 There exhibit typical acetate vibrations ν asym (OAc) at 1580 cm -1 and ν sym (OAc) at 1464 cm -1 . 20
Antibacterial Activity
The complex and the free Schiff base were screened for antibacterial activity against two Gram (+) bacterial strains (B. subtilis and S. aureus) and two Gram (-) bacterial strains (E. coli and P. aeruginosa) by MTT method. The IC 50 values of the compounds against four bacteria are listed in Table 3 . Penicillin G was used as the standard drug. The Schiff base H 2 L showed medium activity against the bacteria B. subtilis, S. aureus, and E. coli, while no activity against P. aeruginosa. The complex has strong activity against B. subtilis, medium activity against S. aureus, while no activity against the other two bacteria. From the results, it is difficult to give a definite conclusion about which one is good for the antibacterial activities of the free Schiff base and the complex. For example, the complex has stronger activities against B. subtilis and S. aureus than the Schiff base. However, as for E. coli, the Schiff base has stronger activity than the complex. The particular interest is that the complex showed the most effective activity against B. subtilis, which is even more effective than penicillin G.
The antifungal activities of the complex and the free Schiff base were also evaluated against two fungal strains (C. albicans and A. niger) by MTT method. Ketoconazole was used as a reference drug. It is interesting that the complex has effective activity against C. albicans, with IC 50 value of 17.72 μg mL -1 .
Conclusion
In summary, a new linear trinuclear Schiff base nickel(II) complex derived from N,N'-bis(5-chloro-2-hydroxybenzylidene)-1,3-propanediamine was presented. Structure of the complex was confirmed by single-crystal X-ray determination. The Ni atoms are in octahedral coordination. The complex has interesting antibacterial activities against B. subtilis and S. aureus, and antifungal activity against C. albicans.
Supplementary Material
CCDC-1507164 contain the crystallographic data for the complex. The data can be obtained at https://www. ccdc.cam.ac.uk or from the Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033 or e-mail: deposit@ ccdc.cam.ac.uk. 
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